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The  mechanism  of maternal  in  vivo  haploid  induction  is  not  fully  understood.  In this  study,  the  young
embryos  were  identiﬁed  by  morphology,  cytology  and simple  sequence  repeat  (SSR)  markers  at  differ-
ent developmental  stages  in the cross  HZ514  (sweet  corn)  ×  HZI1  (inducer).  The  results  indicated  that
the  low  seed  setting  rate  was  determined  by the  inducer  pollen  during  the  process  of fertilization.  The
mosaic  endosperm  kernels  and  the  different  percentages  of  aneuploidy,  mixploidy,  lagged  chromosome,
micronuclei,  chromosomal  bridge  and ring  chromosome  were  found  in the  cross;  7.37%  of  the  haploid
embryos  carried  chromosome  segments  from  HZI1.  About  1%  twin  seedlings  resulted  from  the cross  and
were analyzed  by  cytology  and SSR  markers.  Four  pairs  of twin  seedlings  had  different  chromosome
numbers  (2n =  20 and  2n = 10–20)  and  there  were  some  chromosome  fragments  from  HZI1.  Aneuploidy,
mixploidy  and  the  abnormal  chromosomes  occurred  in  the  in  vivo haploid  induction  by  HZI1,  which
is  the  cytological  basis  for  haploid  induction  and  indicates  that the inducer’s  chromosomes  are  prone
to  be lost  during  mitotic  and  meiotic  divisions.  Morphological,  cellular  and  molecular  evidences  reveal
that  complete  or partial  chromosome  elimination  from  inducer  HZI1  controls  the  maize  in  vivo  haploid
induction.
DATA:  The  link refers  to  the raw  data  from:  Morphological,  cellular  and  molecular  evidences  of
chromosome  random  elimination  in vivo  upon  haploid  induction  in  maize.  Current  Plant  Biology.
Raw  data  for phenotype,  maker  sequence  and  cytology  could  be  directly  downloaded  by the link:
http://dx.doi.org/10.5061/dryad.bt963
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. Introduction
The term haploid sporophyte is generally used to refer to sporo-
hytes having the gametic chromosome number [1]. The ﬁrst
aploids in ﬂowering plants were identiﬁed by Blakeslee in 1922
2], and the doubled-haploid (DH) technology can shorten the
reeding time signiﬁcantly [3]. Haploids generated from a het-
rozygous individual and doubled to instant homozygous lines
an greatly accelerate plant breeding [4–6]. For these reasons, the
otential of haploids in plant breeding is recognized and considered
n crop genetic improvement.
Two methods are generally used to produce haploids in plants:
ells and tissues culture (in vitro) and genetic induction (in vivo).
aize haploid can also be derived through the two  methods. How-ver, tissue culture in maize is complex and greatly limited by
enetic background [7,8]. Thus the method of induction-haploid
n vivo by inducer lines, which achieves a high haploid induction
∗ Corresponding author. Tel.: +86 027 87282689; fax: +86 027 87280016.
E-mail address: qiufazhan@gmail.com (F. Qiu).
ttp://dx.doi.org/10.1016/j.cpb.2014.04.001
214-6628/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhed  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
frequency and is relatively simple to use, is important and widely
used in maize breeding.
Several haploid-inducing lines have been developed in maize
[9,10]. Stock6, with the induction rate of 0.5–3%, is one of the
haploid-inducing lines discovered by Coe [11] and Sarkar and Coe
[12]. However, the low induction rate could not meet the needs of
breeders. When both maternal and paternal effects were detected
in the process of haploid induction and the haploid-inducing char-
acter was found to be a heritable trait [9,12–15], a number of new
inducers with much higher haploid-induction rate have been cre-
ated by cross method among stock6, w23ig or other germplasm,
such as KMS  [16], WS14, ZMS  [10], RWS  [17], MHI  [18] and HZI1
[19]. Unfortunately, the mechanism underlying in vivo haploid-
inducing capacity in maize is not fully understood.
Researchers have focused on two possible mechanisms:
parthenogenesis and chromosome elimination. Firstly, partheno-
genesis was caused by the irregularities of microsporogenesis and
fertilization [20–25]. All of these ﬁndings indicate that various
irregularities appearing between microsporogenesis and fertiliza-
tion may  prevent double fertilization and stimulate division of the
egg cell without fertilization. As a result of this process, a haploid
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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mbryo can be formed from an unfertilized egg cell. Secondly, a
et of chromosome that is randomly eliminated after fertilization
ight be a major mechanism underlying in vivo haploid-induction
n maize. Wedzony et al. [17] observed that 10% of the resulting
mbryos exhibit micronuclei of variable size after the inducer line
WS  self-pollinated. Such micronuclei are characteristic of chro-
osome fragments being eliminated from the cell in subsequent
ivisions. Gernand et al. [26] found that the inducer chromosomes
egenerate and fragment a few days after fertilization in interspe-
iﬁc crosses. Then the fragments coalesce to form the micronuclei
nd become eliminated from the cells within three weeks. Fischer
t al. [27], Zhang et al. [19], Li et al. [28] and Zhao et al. [52]
bserved that a small proportion (1–3%) of haploids obtained from
he cross between inducer lines and breeding materials carried
everal paternal chromosome segments via SSR markers analysis
nd cytogenetic makers to trace chromosomes from inducers. The
esults showed that some minor fragments of the inducer genome
ere introgressed into maternal genome of the haploids. However,
hao et al. [52] found haploid formation with rare inducer fragment
ntrogression. Furthermore, the aberrant fertilization mechanisms
eading to haploidy may  be related to mechanisms leading to
etero-fertilization [29]. Thus whether the formation of female
aploid embryos results from single fertilization or from chro-
osome elimination remains unclear; whether haploid occur is
etermined by inducer or maternal materials is also unclear.
In the present study, the inducer line HZI1 derived from Stock
 was used to induce haploids from the sweet maize pure line
Z514. The main objectives were (1) to study the characteristic
f the inducer line HZI1 and identify its pollen and ear fertility; (2)
o monitor the chromosome number during development of the
aploid seeds after fertilization, upon induction of in vivo maize
aploid production by HZI1. The genotype of haploid embryo was
dentiﬁed via SSR markers; and (3) to discuss the possible funda-
ental biological mechanisms underlying in vivo maternal haploid
nduction as well as implications of the results on improving high
nduction rate in maize.
. Materials and methods
.1. Plant materials and pollination
HZI1, a stock-6-derived haploid-induction maize line was used
s the male parent, which carried the R-navajo gene that is respon-
ible for the anthocyanin pigmentation of the endosperm and
mbryo. HZ514, a super sweet corn inbred line, and NA and 248, two
ormal corn inbred lines, were used as female parents (Table S1).
he three inbred lines with colorless aleurone layer and colorless
cutellum were developed by Huazhong Agricultural University
Hubei Province, China). The crosses between the inducer HZI1
nd above three inbred lines were performed at Huazhong Agri-
ultural University in 2009, and all F1 kernels were harvested by
ingle ear and analyzed separately. A total of 30,000 kernels were
arvested from 150 ears for each cross. At the same time, HZ514
nd HZI1 plants of normal development were selected for self-
ollination at shedding pollens and emerging silks. The reciprocal
rosses were also done between HZ514 and HZI1. HZ514 plants as
eceiver were crossed with NA and 248 respectively (HZ514 × NA
nd HZ514 × 248).
.2. Sampling methods and cytology.2.1. Sample, ﬁxation and isolation
Maize immature kernels after pollination were harvested from
ach ears of HZ514 × HZI1 and stored in the alcohol following a
rocedure similar to that used by Yang et al. [30]. From 25 to 65 hiology 1 (2014) 83–90
after pollination, the ears were collected every 5 h and ﬁxed in a
solution of 3:1 alcohol: glacial acetic acid for 24 h, rinsed one time
every 30 min  in 95% ethanol, 85% ethanol, 70% ethanol, and then
stored in 70% alcohol at room temperature for further use. All the
collected kernels were used for cytological observations and molec-
ular marker analysis.
According to the method used by Herr [31] and Stelly et al. [32],
the whole stain-clearing technique was used to detect the ovules
development status. The ovaries were dissected in 70% ethanol, and
hydrated sequentially in 50% ethanol, 30% ethanol, 15% ethanol
and distilled water. After that, the ovaries were stained with
diluted Enrlich’s haemaloxylin dyeing liquor (primary Enrlich’s
haemaloxylin dyeing liquor:50% ethanol:glacial acetic acid = 1:1:1).
The ovaries were rinsed 24 h with distilled water and agitated for
4–5 times in that duration. The ovaries were dehydrated one time
with 15%, 30%, 50%, 70%, 85%, 95% of ethanol solutions, and then
with 100% ethanol three times (dehydrated for 1 h at each step).
Finally, the samples were stored in wintergreen oil for further use.
2.2.2. Microscopic examination
The cleared ovaries were put on Glass slides and observed with
OLYMPUS IX71 microscope. The dissected embryos were stained
with Carbol fuchsin solution for 10 min  and then squashed. The
samples were placed under the OLYMPUS IX71 microscope to
image cell division phases and record the numbers of the chro-
mosome present.
2.2.3. Fertility investigation
The pollen fertility of HZI1, HZ514, NA and 248 were determined
as the percentage of pollen grains stained with 1% KI/I2. The ear
fertility was  determined by the seed setting rate in the reciprocal
cross between them.
2.3. SSR analysis
The haploid kernels and diploid kernels from the cross
HZ514 × HZI1 were judged according to cytology analysis. The DNA
will be extracted from the accurate haploid embryos for SSR anal-
ysis.
Genomic DNA was  isolated individually from immature
embryos according to a procedure similar to that used by Saghai-
Maroof et al. [33]. The sequence of all SSR markers was  obtained
from the MaizeGDB database (www.maizegdb.org/ssr.php).
3. Results
3.1. Identiﬁcation of fertility and morphology
The pollen fertility of HZI1, HZ514, NA and 248 were all nor-
mal, with over 90% regarded as fertile (Fig. S1). The pollen fertility
of the haploid plants from the cross HZ514 × HZI1 were 0–38%;
and the doubled plants from the haploid individual had a similar
morphology and the same phenotype and genotype as the female
HZ514.
In addition, 0.3% kernels with mosaic endosperm of purple aleu-
rone and yellow shrunken without purple aleurone were found in
the F1 mature kernels from HZ514 × HZI1 (Fig. S2). The same results
were also found by Zhang et al. [19].
3.2. Seed setting rate from reciprocal-cross and self-fertilization
In this study, the seed setting rate from self-fertilization or
crosses among HZ514, HZI1, NA and 248 were signiﬁcantly differ-
ent. The seed setting rate of HZ514 self-fertilization, HZ514 × NA,
HZ514 × 248 and HZI1 × HZ514 were normal. However, when HZI1
was used as the male parent for either cross or self-cross, the seed
F. Qiu et al. / Current Plant Biology 1 (2014) 83–90 85
Fig. 1. The various mating types at the developmental and mature stages. (A) The ears of HZ514 × NA, HZ514 × 248, HZ514 and HZ514 × HZI1 at 40 d after pollination; from
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fter  pollination; from left to right. (D) The ears of HZ514 × NA, HZ514 × HZI1, HZ51
etting rate was very poor and some kernels were abnormal in
orphology (Fig. 1).
.3. Fertilization status, embryo and endosperm development at
ine stages after pollination in the cross HZ514 × HZI1
Three types of ovules at different sample stages (25, 30, 35,
0, 45, 50, 55, 60, 65 h) were identiﬁed in the cross HZ514 × HZI1
pon ovules whole stain-clearing: in the ﬁrst type (i), the embryo
nd endosperm were developed (Fig. 2A); in the second type (ii),
he embryo has not divided, but the endosperm was  developed
Fig. 2B); and in the third type (iii), the embryo developed, but the
entral cell has not divided (Fig. 2C-2D). Out of 1681 ovules, the
roportion of the ovules types from 25 h to 65 h after pollination
as as follows: the ﬁrst type was 51.45% to 57.55%, with an average
f 54.19% (911); the second type was from 3.09% to 7.17%, with an
verage of 5.29% (89); the third type was from 37.74% to 43.57%,
ith an average of 40.51% (681) (Table 1);
.4. Cytological analysis of the pollen mother cell of the HZI1,
Z514, 248 and HZ514 × HZI1
In the pollen mother cell of HZI1, only 82.3% cells had 2n = 20
nd 17.7% had 2n < 20. In addition, 11.3% had the number of haploid
ells 2n = 10. The 2n = 10 occupied about 10.2% of the progeny from
he HZ514 × HZI1 while 2n = 20 occupied about 86.39%. Compared
ith HZI1 and the cross HZ514 × HZI1, the pollen mother cell of
Z514 had 98.4% of the progeny with 2n = 20 and only 1.6% had
n < 20. The pollen mother cell of 248 had 99.44% of the progeny
ith 2n = 20 and only 0.56% had 2n < 20 (Table S2).
The abnormal chromosomes were found in the pollen mother
ell of the inducer HZI1, HZ514 and HZ514 × HZI1 included lagged
hromosome, micronuclei and chromosome bridges. The percent-
ges of lagged chromosomes were 1.47%, 6.83% and 8.19% in HZ514,ight. (C) The ears of HZ514 × HZI1, HZ514, HZ514 × HZI1 and HZ514 × HZI1 at 18 d
48 and HZ514 at 18 d after pollination; from left to right.
HZI1 and HZ514 × HZI1, respectively, during meiosis; the unsyn-
chronized chromosome condensation and division were 2.01%,
7.24% and 8.33%, respectively; Chromosome bridges and fragments
occupied about 0.34%, 1.69% and 3.42%, respectively (Table 2, Fig. 3).
3.5. Cytological observation and marker analysis at 12 d after
pollination in the cross HZ514 × HZI1
The frequency of cells with 2n = 10 was 6.31%, while those with
2n = 20 was 72.13%. More than half of the embryos of F1 kernels
had variable chromosome numbers (2n  = 9–21), as described by
Zhang et al. [19], and aneuploid embryos with 2n = 19 and 21 were
about 0.5%–1%. The kernel’s endosperms with 2n = 40, 30 or 60
were present at 1.85% and 98.15%, respectively. Most of the cells in
endosperms had 2n = 30, but there were some cells that randomly
doubled to 2n = 60 in every endosperm (Fig. 4). In addition, ring
chromosomes were found in the F1 kernels of HZ514 × HZI1 cross.
The percentage of the ring chromosome was  2.13% of the total 1232
embryos (Fig. 5).
The total of 286 haploid embryos identiﬁed by cytology analysis
(2n = 10) from HZ514 × HZI1 were analyzed by 100 SSR mark-
ers, with the diploid embryos and two parents embryos serving
as the control. 92.63% haploids shared the same genomic com-
positions as the female HZ514 and 7.37% haploids had male
chromosome fragments (Fig. 6). For example, 32 2n = 10 embryos
were analyzed by the SSR marker umc1747 and revealed that
three haploid embryos had the chromosome fragments from HZI1
(Fig. 6A). No. 21, 562, 1032 and 1632 with 2n = 10 were found
to carry male chromosome fragments identiﬁed to be bnlg1909,
umc1241, bnlg1600 and umc1241, respectively (Fig. 6B–D). In addi-
tion, about 12 pair SSR markers located on chromosome 5 were
detected as a heterozygous band in the 2n = 10 embryos, which
indicates a possible hot region for chromosome elimination on
chromosome 5.
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Fig. 2. Ovule whole stain-clearing at 50 h after pollination in the cross HZ514 × HZI1. (A) Arrow means dividing embryo and dividing endosperm; (B) arrow means division
endosperm and no division embryo; (C) no division central cell; (D) dividing embryo.
Table 1
Three types ovules after pollination in the cross HZ514 × HZI1 at different periods.
I II III Total
25 h Ovary no. 129 13 101 243
%  53.09 5.35 41.56
30  h Ovary no. 119 16 88 223
%  53.36 7.17 39.46
35  h Ovary no. 124 12 105 241
%  51.45 4.98 43.57
40  h Ovary no. 85 9 70 164
%  51.83 5.49 42.68
45  h Ovary no. 122 9 81 212
%  57.55 4.25 38.21
50 h Ovary no. 97 10 67 174
%  55.75 5.75 38.51
55  h Ovary no. 108 6 80 194
%  55.67 3.09 41.24
60  h Ovary no. 68 7 49 124
%  54.84 5.65 39.52
65  h Ovary no. 59 7 40 106
%  55.66 6.6 37.74
Total  Ovary no. 911 89 681 1681
N tral ce
3
p
c
s
t
h
T
FAverage % 54.19 
ote: I, developed embryo and endosperm; II, developed embryo, undeveloped cen
.6. Cytology and marker analysis of twin seedlings from the
rogeny of the cross HZ514 × HZI1
About 1% twin seedlings were found in the progeny of the
ross HZ514 × HZI1, and this percentage is higher than that in
pontaneous generation [51]. There are two possible phenotypes
hat can be observed from the twin seedlings: (1) the two  seedlings
ave the same phenotype and chromosomes numbers; (2) the two
able 2
requency of the abnormal chromosomes in HZ514, HZI1 and HZ514 × HZI1.
Material and cell numbers Total (%) Lagged chromosome
(%)
HZ514 (2682) 3.48 1.47 
HZI1  (2265) 14.06 6.83 
HZ514 × HZI1 (2570) 16.52 8.19 5.29 40.51
ll; III, undeveloped egg cell, developed endosperm.
seedlings have different phenotypes and chromosome numbers
(Fig. 7A1 and A2). Among the 20 pairs of twin seedlings, 4 pairs
had different chromosome numbers (2n  = 20 and 2n = 10–20),
and 5 twin seedlings containing 2n = 10 and 2n = 20. Cells with
2n = 20 were 11 pairs (Fig. 7B1–B4). The results mean that haploid
seedling and diploid seedling coexist in some twin seedlings;
diploid seedlings and aneuploidy or mixoploid coexist in some
twin seedlings; the rest twin seedlings are diploid.
Unsynchronized chromosome
condensation and division (%)
Chromosome
bridge (%)
2.01 0.34
7.24 1.69
8.33 3.42
F. Qiu et al. / Current Plant Biology 1 (2014) 83–90 87
Fig. 3. Various chromosomes morphology after pollination in the cross HZ514 × HZI1. (A1–A5) Lagged chromosome; (B1–B2) unsynchronized division; (C1–C6) chromosome
bridge  in late mitosis; (D1–D4) unsynchronous chromosome; (E1–E4) micronuclei at telophase; (F1–F3) cycle chromosome.
Fig. 4. Cytology of F1 kernels from HZ514 × HZI1 cross at 12 days after pollination. (A1–A3) the embryo of the F1 kernels with 2n = 10 (A1), 10 and 20 coexisting (A2), 20
(A3);  Bar 10 m.  (B1–B3) Aneuploid embryo of the F1 kernels with 2n = 19(B1), 2n = 18 and 2n > 20 coexisting (B2), 2n = 21(B3); Bar 10 m. (C1–C3) the endosperm of the F1
kernels, with 3n = 30 (B1), 30 and 60 coexist (B2), 40 (B3); Bar 10 m.
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The DNA of the 20 twin seedlings were extracted and analyzed
y 100 SSR markers located on ten maize chromosomes. Some
hromosome fragments were from HZI1 in 2n = 10 seedlings and
n = 11–19 seedlings, whereas no chromosome fragment was  from
ZI1 in 2n = 20 seedlings. For example, ﬁve twin seedlings were
nalyzed by umc1447 and umc2030 markers and heterozygous
ands were found in three seedlings (Fig. 7C1 and C2)
. Discussion
Measurement of the seed setting rate from reciprocal-cross
nd self-fertilization among HZI1, HZ514, NA and 248 at different
evelopment stages revealed that the low seed setting rate is only
etected when the inducer line is male. About 36%–50% kernels
rom HZ514 × HZI1 were abortive (Fig. 1), indicating that the phe-
omenon may  be caused by inducer pollen. However, the pollen
ertility of the inducer and other materials were normal and over
0% were fertile (Fig. S1). Lin et al. [34] speculated that abortive
rain was related with the excrescent polar nuclei in megaspore.
ccording to the results in this study, the main reason may  be that
he process of fertilization was abnormal, in that the two sperms of
ig. 6. SSR analysis of haploid embryos in the cross HZ514 × HZI1 at 12 days after pollina
aploid embryos with inducer’s chromosome fragments; (B) arrow is No. 21 with haplo
ragments was  found in No. 21 by bnlg1909; (C) arrow is No. 1032 with haploid embry
as  found in No. 1032 by bnlg1600; (D) arrows are Nos. 562 and 1632 with haploid em
ragments by marker umc1747.14 × HZI1 cross at 12 days after pollination.
inducer were not normal; and the low setting rate was  not caused
by the sperm number, but may  be caused instead by alterations in
the chromosomal structure or cell organelles in sperms during the
second mitosis in microspores. The haploid induction should also
be determined during this abnormal process.
2n = 10 kernels occupied about 10.2% in the cross HZ514 × HZI1,
with the ﬁnal haploid induction frequency at 6.31%, lower than
that in the development after pollination. This result indicates that
some kernels which are aneuploid and mixploid were sterile during
the development process and the chromosomes from HZI1 may  be
completely lost during the development process of embryos. Thus
we should take into account that the seed setting rate of the inducer
is lower whether self-crossed or used as male [35]. This information
will be helpful to breeders during the process of higher frequency
inducer selection or haploid breeding [36].
The F1 kernels of the cross HZ514 × HZI1 should be ﬂint corn.
However, over 0.3% of the mosaic endosperm kernels were found
in the progenies of the cross, and these kernels exhibited differ-
ent proportions of the sweet shrunken endosperm in some ears
(Fig. S2). The same results were also found by Zhang et al. [19],
and Zhao et al. [52] and Xu et al. [53]. These observations could
tion. (A) 32 2n = 10 embryos were analyzed by the SSR marker umc1747 and three
id embryo, was analyzed by umc1784 and bnlg1909, the inducer’s chromosome
o, was  analyzed by umc1870 and bnlg1600, the inducer’s chromosome fragments
bryos, which carried male fragments identiﬁed by marker umc1241 and no male
F. Qiu et al. / Current Plant Biology 1 (2014) 83–90 89
Fig. 7. The genotype and phenotype of twin seedlings in the HZ514 × HZI1 cross. (A1 and A2) twin seedlings; (B1) the small seedlings with 2n = 10; (B2) the large seedlings
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with  2n = 20; (B3 and B4) the seedlings are aneuploidy or mixoploidy with 2n = 12 a
y  marker umc1447 and umc2030.
e accounted for by the double recessive sweet endosperm and
ellow aleurone layer organization. The mosaic mixoploid traits
ere caused by the complete elimination of the paternal chromo-
ome in one daughter cell from the ﬁrst mitosis of the primary
ndosperm nuclei during the process of cell division. In addition,
he whole ears phenotypes of the induced progeny showed that
he different ratios of mosaic kernels were caused by the different
limination times of paternal chromosomes during the endosperm
evelopmental process after cross fertilization.
We observed three types of ovules with different embryos and
ndosperms after pollination at different development periods
n the cross HZ514 × HZI1 (nine stages, from 25 to 65 h). Ker-
els obtained from the cross-pollinated ears also were classiﬁed
nto three categories: (i) normal kernels with normal embryos
nd endosperms, normal diploids and haploids were included;
ii) endosperm abortion, with shrunken endosperms or defective
ernels; (iii) embryo abortion, with normal endosperms but with-
ut embryos. Based on the fertilization status of the embryos and
ndosperms in the cross, we speculate that the process of fertiliza-
ion and the different developmental stages must be abnormal and
hat this was the main reason for the haploidy (Table 1 and 2; Fig. 2).
imilar results were found by Bylich et al. [21] and Coe et al. [37],
ut they did not provide possible mechanisms; Rotarenco and Eder
25] detected a much higher rate of heterofertilization when the
aploid inducer MHI  was used instead of the normal line. Xu et al.
53] reported that the different kernel phenotypes are most prob-
bly caused by the sed1 locus, they speculated that the defective
ernels and haploids are caused by the same genetic mechanism.
owever, we could not speculate what caused the change in the
umber of sperm in synergid in this study. Is it because the sperm
tayed in synergid and did not make it to the egg cell, or that fertil-
zation was ﬁnished and could not proceed to egg cell division? Did
he egg cell stay somewhere at the megaspore stage? We could not
onﬁrm any of these possibilities by whole stain-cleaning method
nd optical microscope alone. Whether parthenogenesis occurred
r not need further study, but our results support that the abnormal
rocess of fertilization must be one reason for the maternal haploid
nduction.The paternal haploid could be found in the progeny of the induc-
rs [38]. The percentage of inducer pollen cells with aneuploidy was
igniﬁcantly higher than other normal inbred lines. Similar results
ere also identiﬁed for microsporocytes of the inducer MHI  [22] = 11–19; (C1 and C2) The seedlings with 2n = 10 carried male fragments identiﬁed
and radicle cells of the inducer [19]. Although the pollen fertility
of the inducer was normal, the chromosome ploidy variation was
the main reason that caused high frequency of heterofertilization.
Lagged chromosomes, the micronuclei and chromosome bridges
were often used as direct evidences of chromosome elimination and
haploid production in inter-, intra-speciﬁc hybridizations in crops
[17,39,40] also found micronuclei in the maize haploid inducer
RWS. In this study, the abnormal chromosomes, such as lagged
chromosome, micronuclei and chromosome bridges, indicate that
chromosome elimination occurred in the primordium of the
inducer after self-pollination and that chromosome segregations
were not synchronous and equal during cell meiosis. According
to the results, chromosome random elimination should occur dur-
ing haploid induction. The aneuploidy should be induced by partial
elimination of chromosomes from HZI1. About 1.85% endosperms
had 2n = 40 which may  be caused by chromosome randomly par-
tial elimination. Remarkably, about 2.13% ring chromosome was
observed in 1232 embryos (Fig. 5). The ring chromosome is formed
after chromosome deletion or elimination. Thus our results indicate
that random elimination of chromosome occurs during the in vivo
haploid induction by inducers in maize.
Khokhlov et al. [41] pointed out that diploid cells exist in any
tissues of haploid and Wei  et al. [42] observed that 80% plants had
doubled haploid cells. There were some cells that always randomly
doubled to 2n = 60 in endosperms (Fig. 4 C2), which was similarly
observed with haploid embryos. However, the doubling frequency
of haploid embryos is lower than in endosperm. In this study, 80% of
the identiﬁed megaspores had fertilized polar nucleus and normally
divided endosperm. These also contained multi nucleoli which may
have triggered the random doubling of the endosperm.
Our results from the genome-wide SSR markers demonstrated
that the introgression of genetic element from the inducer HZI1
was occurred during the process of chromosome elimination. The
results of cytological analysis and genotype analysis based on twin
seedlings also indicate that chromosome introgression or elimina-
tion occurs during the haploid induction by the inducer. Similar
results were found by Fischer et al. [27], Zhang et al. [19] and
Li et al. [28]; but Zhao et al. [53] found haploid formation with
rare inducer fragment introgression, the discrepancy might be due
to different genetic background, different markers and marker
numbers. One major QTLs controlled haploid induction rate were
identiﬁed on chromosome 5 [43], and haploid embryos with male
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hromosome fragment could be identiﬁed by 12 pairs SSR markers
n chromosome 5. This indicates the presence of one hot region
f chromosome introgression or exchange which may  control the
aploid induction rate.
The chromosome elimination mechanism is similar to that in
enome wide hybridizations and probably controlled by some
enetic factors in the inducers [39,40,43–50,52,53]. Aneuploidy,
ixploidy and the abnormal chromosomes observed upon in vivo
aploid induction by inducer were found in the pollen cells,
icrosporocytes and radicle cells of inducers. This is the cytological
asis for haploid induction, suggesting that the inducer’s chromo-
omes were prone to be lost during mitotic and meiotic divisions
fter the inducers were crossed with other lines. The morpholog-
cal, cellular and molecular evidences suggest that maize in vivo
aploid induction is controlled by complete or partial chromosome
limination from inducer HZI1.
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